INTRODUCTION
The miR-200 family promotes the epithelial state of cells and suppresses mesenchymal properties during development and cellular differentiation. Transitions between epithelial and mesenchymal states (epithelial to mesenchymal (EMT) and mesenchymal to epithelial (MET)), which alter the motility of cells during development, 1 have an important role in tumor metastasis. 2 Epithelial cells express high levels of E-cadherin, occludin and claudins, while mesenchymal cells express high levels of N-cadherin, vimentin and fibronectin.
3 Some tumor cell lines, especially less differentiated cells, show plasticity in their display of epithelial and mesenchymal traits. Although the early steps of metastases-penetration through the basement membrane, invasion of the vasculature and extravasation-are facilitated by cells acquiring mesenchymal traits, the ability to colonize distant tissues and form macroscopic metastases may be facilitated by epithelial properties.
1,4-6 Accordingly, miR-200 expression has been associated with both increased 4,7-10 and decreased [11] [12] [13] malignancy and metastases, depending on the cancer model. High levels of circulating miR-200 are associated with poor prognosis in several human cancers, including ovarian, prostate, pancreatic and metastatic colorectal cancers. [14] [15] [16] [17] The miR-200 miRNAs are five homologous miRNAs (miR-141, miR-429, miR-200a, miR-200b and miR-200c), whose sequences are conserved between human and mouse. These miRNAs belong to two families whose seed regions (nucleotides 2-7 of the mature active strand, which form the most important region for target recognition) differ by a single nucleotide. The seed for miR-200b/ c/429 sequence is 5′-AAUACU-3′, while for miR-200a/141 it is 5′-AACACU-3′. Because of its role as a master regulator of MET, miR-200 has been extensively studied. The Zeb epithelial gene transcriptional repressors contain multiple miR-200 binding sites in their 3′UTR (Zeb1 has five and Zeb2 has six conserved predicted binding sites) and their expression is profoundly downregulated by miR-200. Much of miR-200's effect on increasing epithelial gene expression and inhibiting cell motility and invasivity can be reproduced by knocking down Zeb1 and/or Zeb2. 4, [18] [19] [20] [21] Many other gene targets have been described in mouse or man (Supplementary Table S1 ), including the transcription factors Ets1, 22 Snail1 (Snail) 23 and Snail2 (Slug). 24 miR-200 has also been shown to regulate cell-cell adhesion, 18, 19, 21 cancer stem cell selfrenewal and differentiation, [25] [26] [27] cell division and apoptosis [28] [29] [30] [31] and chemoresistance. 32, 33 miRNAs accomplish their biological functions by regulating networks of genes. 34 Transfection of a biotinylated (Bi-)miRNA mimic and streptavidin pull down (PD) of associated mRNAs provides an unbiased method to identify the genes regulated by a particular miRNA with high specificity. [34] [35] [36] [37] [38] [39] To better understand how miR-200 functions, we carried out a Bi-miR-200c PD in the mouse breast cancer cell line 4TO7. 4TO7 is a mouse triple negative breast cancer (TNBC) cell line that is able to perform all the steps of metastasis when implanted in the mammary fat pad, except colonization of metastatic sites. 4TO7 does not express the miR-200 family, but ectopic expression of miR-200c, which accounts for 93% of mature miR-200b/c/429 family expression in human breast tumors, 40 leads to efficient colonization of lung and liver, macroscopic metastases and reduced survival. 4, 8 Moreover, 4T1E, an isogenic clone derived from the same primary, spontaneously arising tumor that metastasizes, differs from 4TO7 by high expression of the miR-200 family. mRNAs for 520 genes, including Zeb2 and other known miR-200 target genes, were significantly enriched at least twofold in the PD with miR-200c relative to a C. elegans control miRNA. The pulled-down genes were highly enriched for miR-200c seed-binding sequences and for genes knocked down by miR-200 overexpression. Of 18 genes chosen for experimental validation, 14 (78%) were confirmed as significantly enriched by PD and quantitative realtime PCR (qRT-PCR). Of those, 12 (86%) had functional miR-200 recognition elements in their 3′UTR. Genes that participate in epidermal growth factor receptor (EGFR) and transforming growth factor (TGF)-β/bone morphogenic protein (BMP) signaling were highly overrepresented in the miR-200 target gene set. In addition to Zeb2 and Snail1, we found that miR-200 also suppressed expression of their cofactors, Smad2/Smad5 and Ywhab/Ywhag, respectively. 41, 42 Suppression of these multiple epithelial gene regulators enhanced the ability of miR-200 to promote MET. Crtap, which is required for type I collagen prolyl-hydroxylation, was a novel strong target of miR-200, whose knockdown (KD) strongly inhibited invasivity through Matrigel. Crtap is postulated to facilitate TGF-β binding to extracellular matrix.
RESULTS

miR-200c pull down
A previously published protocol, 34 which showed 90% specificity for identifying miR-34a-regulated genes, was used to capture miR-200-bound mRNAs. 4TO7 cells were transfected with control C. elegans miRNA mimic (Bi-cel-miR-67) or miR-200c mimic (Bi-miR-200c), both biotinylated at the 3′-end of the mature active strand. The next day cells were lysed and streptavidin-coated beads were used to isolate mRNAs bound to the biotinylated miRNAs. mRNA abundance in Bi-cel-miR-67 or Bi-miR-200c PD and input samples from two independent experiments was assessed on mRNA microarrays. An enrichment ratio R ((Bi-miR-200c PD/ Bi-cel-miR-67 PD)/(Bi-miR-200c input/Bi-cel-miR-67 input)) was calculated as a measure of how much each transcript was enriched in the PD relative to its expression in the miRNA-transfected cells. We then calculated the average enrichment ratio and associated Pvalue for each microarray probe. In total, 520 transcripts had an enrichment ratio of 42 and Po0.01 ( Figure 1a , Supplementary  Table S2 ). To determine the sensitivity of the Bi-miR-200c PD, we first determined how many of the known mouse miR-200 family published targets were enriched (Supplementary Table S1 ). In all, 13 experimentally validated mouse targets of any miR-200 family member are expressed in 4TO7 cells (Zeb1 and Snail2 are not expressed in these cells) and 9 of these are known to be regulated by miR-200c. In all, 7 of the 13 (54%) and 5 of the 9 (56%) were identified in the PD. To estimate the false-positive rate of the BimiR-200c PD, we counted the number of transcripts that specifically bound to the control worm Bi-cel-miR-67, which has no mammalian ortholog, using the same criteria (enrichment ratio (Bi-cel-miR-67 PD/Bi-miR-200c PD)/(Bi-cel-miR-67 input/Bi-miR--200c input) 42 and P o0.01). Comparing 81 mRNAs enriched for binding to Bi-cel-miR-67 as a background with 520 transcripts enriched for binding to Bi-miR-200c, the estimated false-positive rate is 15.6%.
The putative miRNA target genes had properties expected of canonical miR-200c-regulated genes. Forty-three percent of the 520 enriched mRNAs were predicted miR-200c targets by TargetScan. These therefore contain a perfect match to the miR-200c seed in their 3′UTR. The coding sequence (CDS) and 3′UTRs (Figure 1b) , but not the 5′UTRs (data not shown), of the 520 genes were also significantly enriched for hexamer seed matches (Po0.0001). Transcripts of the 520 pulled-down genes compared with all genes expressed in 4TO7 were significantly downregulated after BimiR-200c transfection (Po2.2E-16, Figure 1c ). The extent of their downregulation was significantly greater than that of the 384 evolutionarily conserved, TargetScan predicted target genes (P = 0.023) or the 1175 TargetScan predicted genes that included non-conserved binding sequences (P = 2.1E-15). In all, 196 genes were enriched in the PD using a more stringent P cutoff of o0.001. This gene set was even more strongly downregulated than the larger set of 520 genes enriched by Po0.01 (P = 1.8E-3) or the conserved TargetScan target gene set (P = 1.1E-6).
miR-200 bound genes are enriched for genes involved in EGFR, MAPK and TGF-β signaling and metabolic pathways implicated in metastasis and oncogenic transformation To understand better the biological processes regulated by miR-200, we first performed pathway enrichment analysis of the 520 enriched PD genes (Figure 1d , Supplementary Table S3 ). The most enriched pathways were MAPK and EGFR signaling, both with P-values of 8E-07, each containing 17 putative miR-200c targets, of which 6 overlapped. The MAPK and EGFR signaling was also significantly enriched pathways in the more stringently chosen gene list of 196 putative targets (R42, P o 0.001) (Supplementary Figure S1a, Supplementary Table S4 ). Other cell surface receptor signaling pathways were also enriched, such as the T-and B-cell receptor and Kit signaling pathways, which overlap with the EGFR pathway and use MAPK signaling. However, these other receptors are not expressed in breast tumor cells. TGF-β signaling genes were also significantly overrepresented (P o 0.005) with 11 annotated genes. These included the Zeb2, Smad2, Smad5 and Tgif transcription factors that help control epithelial gene expression (see below) and other oncogenic transcription factors, including Fosb and Skil. The sphingosine-1-phosphate receptor signaling pathway, implicated in tumor metastasis, as well as enzymes in sphingolipid and cholesterol biosynthesis pathways, were also overrepresented. The mRNAs for three enzymes involved in amino-acid metabolism, which is altered in cancer cells, were also significantly enriched. miR-200-bound genes form a dense interaction network The 520 putative miR-200c target genes were analyzed by Ingenuity Pathway Analysis software (Ingenuity Systems, www. ingenuity.com) to identify directly-interacting target gene products. In all, 222 gene products enriched in the PD were annotated to interact directly by protein-protein or protein-DNA/RNA interactions ( Figure 2 ). Of note, the interactome contained a small module composed of genes that regulate transcriptional changes miR-200 targets Zeb and Snail1 repressor complexes R Perdigão-Henriques et al during EMT. These included the master epithelial gene suppressors Snail1 and Zeb2, the Snail1 corepressors Ywhag (14-3-3γ) and Ywhab (14-3-3β), 42 the Zeb2 corepressors Smad2 and Smad5 41 and Smad corepressor, Tgif1. Relieving suppression of epithelial gene expression may also be enhanced by inhibition of Anp32e, which removes histone H2A.Z from promoters and enhancers to initiate transcription from paused RNA pol II. 43 Snail1, Zeb2, Smad2 and Smad5 are activated by the canonical TGF-β and BMP signaling pathways, suggesting that miR-200's induction of MET is accomplished in part by suppressing TGF-β and BMP signaling. Map2k6 and Mapk12 in the direct-interaction network also mediate Smad-independent TGF-β responses. These results suggest that miR-200 inhibits both Smad-dependent and -independent TGF-β and BMP signaling pathways. Another EMTpromoting transcription factor is Xbp1, which activates EMT in response to endoplasmic reticulum stress 44 and has a major role in the tumorigenicity, progression and recurrence of TNBC. 45 Genes known to regulate cell adhesion such as Fhod1, 46 Wave1/Wasf1 47 and Map3k1 48 were also in the miR-200 target gene interactome.
Experimental validation of the predictions of the Bi-miR-200c PD To determine how reliable the predictions of miR-200-regulated genes were, we selected 18 putative target genes to test individually. These genes, which covered the full range of enrichment in the PD (2.3-33.7-fold, Figure 1a ), were chosen because they were located at hubs in the interactome, were exceptionally enriched in the PD or might be related to miR-200's known functions. In particular, we were particularly interested in the five genes (Ywhag, Ywhab, Snail1, Smad2 and Smad5) implicated with the known target Zeb2 in suppression of epithelial gene expression. To validate these genes as miR-200c targets, we used an optimized version of the PD protocol Supplementary Table S3. miR-200 targets Zeb and Snail1 repressor complexeson the 3'UTRs strongly correlated with their enrichment ratio in the PD, suggesting that those mRNAs that bound most strongly were the most highly regulated (Figure 3c ). We next looked at whether miR-200c overexpression significantly reduced mRNA levels of the 14 genes in 4TO7 cells, which do not express endogenous miR-200, 48 h later. mRNAs for 13 of the 14 genes were significantly reduced by 25-85% (Figure 3d ). To confirm this result in another cell line, we looked at whether miR-200c overexpression significantly reduced mRNA levels of the 12 of these genes expressed in NIH/3T3 cells 48 h later. mRNAs for all 11 target genes that confirmed in 4TO7 were significantly reduced by 15-80% (Supplementary Figure S1b) . (The Zfp36 gene that did not confirm in 4TO7 also was not suppressed in 3T3 cells.) The confirmed genes included the two genes (Scmh1 and Skp2) whose 3′UTRs were not regulated by miR-200 overexpression. These might contain miR-200c miRNA recognition elements (MREs) in the CDS. However, this possibility was not examined experimentally. We also compared expression of the 14 target genes in 4TO7 and 4T1 cells. 4T1 cells are fully metastatic, express high levels of miR-200b/c/429 and have an epithelial-like morphology. In contrast, 4TO7 cells are poorly metastatic, do not express the miR-200 family and have a mesenchymal-like morphology. 4 Expression of the 13 of the 14 genes that were validated as targets was significantly downregulated in 4T1 cells compared with 4TO7 cells (Figure 3e ). For four genes (Crtap, Smad5, Ywhag and Ywhab), we also examined the effect of miR-200c overexpression on protein levels 48 h later (Figure 3f ). All four proteins were significantly reduced after miR-200c overexpression.
To confirm that the 12 genes whose 3′UTRs were regulated by miR-200c were bona fide targets, we next wanted to determine whether their 3′UTRs contain miR-200c MREs. We used TargetScan, 49 showing that mutation of its seed sequence within the full 3′UTR restored luciferase reporter activity ( Figure 4 ). For Smad2, we identified two MREs, neither of which had canonical seed pairing, but both had at least seven continuous exact matches to miR-200c overlapping with the seed; mutation of these pairing sequences in both MREs restored luciferase activity, but each individually only partially restored activity (data not shown). The results in Figures 
Tuba1a
Zeb2 Crtap Enrichment ratio Table S5 shows all the predicted MREs that were tested. Figure 5a ). As expected, Zeb2 mRNA significantly declined, while the epithelial gene mRNAs increased 3-10-fold. To determine how much of the effect of miR-200 could be attributed to Zeb2 KD, we compared the effect of miR-200 overexpression and Zeb2 KD, both of which caused a comparable reduction in Zeb2 mRNA. Zeb2 KD only induced the epithelial genes by~2-fold. Thus, miR-200 regulation of other genes likely contributes substantially to promote epithelial transition. In addition to Zeb2, miR-200c pulled down the E-cadherin transcription repressor Snail1 and the corepressors Smad2/Smad5 and Ywhag/Ywhab (Figures 2 and 3) . Moreover, the mRNAs of all of these genes were significantly downregulated by miR-200 overexpression in 4TO7 cells. The other Smad and 14-3-3 genes were not pulled down with miR-200c and their mRNA levels were not reduced by miR-200c overexpression (Supplementary  Table S2 , Supplementary Figure S2a ). To examine whether suppression of these other miR-200c target genes contributes to epithelial gene expression, we co-transfected 4TO7 cells with miR-200c or control miRNA mimics or siRNAs against Zeb2, Snail1, Ywhag or Smad5 and a pGL3 reporter vector containing the Firefly luciferase gene under the control of the -178 to +92 fragment of the mouse E-cadherin promoter (Figure 5b ). Depletion of endogenous Snail1, Smad5 and Ywhag individually (verified by qRT-PCR, data not shown) enhanced transcription from the E-cadherin promoter about~2.5-fold (almost as much as KD of Zeb2, which increased promoter activity~3-fold) and more than the twofold increase in promoter activity caused by miR-200 overexpression.
Zeb2 52 and Snail1 53 are zinc finger transcription factors that bind to a consensus E-box hexanucleotide sequence (CACCTG) in the promoters of epithelial genes to repress their expression. Cdh1 and Cldn3 promoters have several E-box sequences (Figure 5c ) that render them transcriptional targets of Zeb2 and Snail1. To determine whether miR-200 regulates the binding of endogenous Zeb2 and Snail1 to these promoters and transcription of epithelial genes, we performed Zeb2, Snail1 and RNA pol II chromatinimmunoprecipitation assays 1 day after 4TO7 cells were transfected with control or miR-200c mimics. miR-200 overexpression significantly enhanced RNA pol II occupancy of the Cdh1 and Cldn3 promoter and exonic regions, but not of the Hbb1 (β-globin) promoter used as a control (Figure 5d ), as expected, consistent with enhanced transcription of epithelial genes. In control cells, Zeb2 bound to the Cdh1 promoter and Snail1 bound to both the Cdh1 and Cldn3 promoters, but neither bound above background to exonic regions of these genes (Figures 5e and f) . miR-200 overexpression completely suppressed Zeb2 and Snail1 binding to these promoters. Thus miR-200c overexpression enhances transcription of epithelial genes, likely by reducing binding of both the Snail1 and Zeb2 transcriptional suppressor complexes.
Zeb2 is a well-validated strong target of miR-200c, which we confirmed in this mouse system by showing 80-90% reduction in luciferase reporter activity of the 3′UTR (Figure 3b ) and mRNA level (Figure 3d ) after miR-200 overexpression. We previously showed that Zeb2 protein becomes undetectable in 4TO7 cells upon miR-200c overexpression, 4 so it is not surprising that Zeb2 binding to epithelial gene promoters became undetectable. Changes in Snail1 mRNA level and luciferase activity after miR-200c overexpression and Snail1 miR-200c binding were much less than for Zeb2 (Figures 3a and d) , suggesting that it is a weaker target. In fact, miR-200c overexpression had no significant effect on Snail1 protein level (Figure 5g ), presumably because other mechanisms compensated. Thus, reduced binding of Snail1 to the epithelial gene promoters (Figure 5f ) was not due to a reduction in Snail1 protein. However, Snail1 binding to E-boxes and its repressor activity requires it to bind to Ywhag or Ywhab, since removing the Snail1 14-3-3 binding domain completely blocks its binding and repressor activity. 42 Ywhag and Ywhab protein levels declined with miR-200c overexpression (Figure 3f ). Reduced 14-3-3 protein levels by miR-200c targeting likely contributed to the absence of detectable Snail1 binding to epithelial gene promoters, although other unknown mechanisms may have contributed.
miR-200 inhibits the EMT-promoting effects of TGF-β and BMP-2 Genes that mediate TGF-β signaling, which promotes mesenchymal properties, were significantly enriched in the miR-200 target network (Figure 1d ). Both Smad2 and Smad5, the receptor Smads (R-Smad), which we validated as miR-200 targets ( Figures 3 and 4 and Supplementary Figure S2a) , were phosphorylated in response to TGF-β treatment of 4TO7 and 4T1 cells, as has been previously reported (Supplementary Figure S2b) . 54 To investigate the effect of miR-200 on TGF-β signaling, we treated 4TO7 and 4T1 cells transfected with miR-200c or control miRNA with TGF-β or control vehicle. In both cell lines, TGF-β significantly reduced Cdh1 expression as expected and also upregulated Zeb2. Cells overexpressing miR-200 significantly inhibited these TGF-β-mediated effects in both cell lines (Figure 6a ). BMPs belong to the TGF-β superfamily, but mediate their signaling via R-Smads 1, 5 and 8. To study the effect of miR-200 on BMP signaling further, we treated 4TO7 cells transfected with miR-200c or control miRNA with BMP-2. BMP-2 treatment, as expected, significantly decreased the expression of two epithelial genes (Cdh1 and Cldn3) and increased phosphorylation of the BMP-activated R-Smads (Figures 6b and c) . miR-200 overexpression also significantly inhibited both these effects and also decreased Smad5 protein (Figures 6b and c) . miR-200 did not affect Smad1 and Smad8 levels (Supplementary Figure S2a) . Reduced Smad1/5/8 phosphorylation was recapitulated by knocking down Smad5 (Figure 6c Crtap is an enzyme cofactor that facilitates prolylhydroxylation of type I collagen, and its homozygous mutation leads to osteogenesis imperfecta, a severe defect in bone mineralization. Of note, a recent study suggests that prolylhydroxylation of type I collagen is required for collagen binding to decorin, a proteoglycan that captures TGF-β in the extracellular matrix. 55 KD of Crtap had no effect on epithelial gene expression (Figures 6d and e) . One of the hallmarks of mesenchymal cells and TGF-β stimulated cells is their motility and ability to invade basement membranes. However, Crtap has no known role in cell motility. To determine whether suppression of Crtap or the epithelial gene suppressor targets of miR-200c promote invasion, we knocked them down in 4TO7 cells and measured the effect on cell invasion across a collagen-containing Matrigel-coated membrane (Figure 6f) (KD of these genes had no effect on cell viability; Supplementary Figure S2d The housekeeping gene SDHA used as a control was not significantly correlated. We also analyzed data from a study that performed genome-wide mRNA and miRNA profiling in 101 human primary breast cancer samples. 56 CRTAP and ZEB2 expression was also significantly inversely correlated with miR-200c expression in that cohort (Supplementary Figure S4b) . These findings suggest that CRTAP is a physiologically relevant miR-200 target in human cancer.
DISCUSSION
In this study, we used a biochemical method with high specificity to identify without bias candidate genes that bind to Bi-miR-200c as putative miR-200c target genes. In total, 520 gene mRNAs were enriched at least twofold in binding to miR-200c with P o 0.01 and 196 were similarly enriched with greater confidence (P o0.001). 78, 79 Additionally, miR-200 knocks down Crtap, which is required for type I collagen prolyl-hydroxylation by prolyl 3-hydroxylase (P3H1) in complex with cyclophilin B (CyPB) in the endoplasmic reticulum. This post-translational modification is required for collagen to bind to decorin, which sequesters TGF-β in the extracellular matrix. Thus, miR-200 KD of Crtap may change TGF-β capture by the extracellular matrix and alter TGF-β-stimulated EMT and invasivity. CM, cell membrane; rER, rough endoplasmic reticulum; SBE, SMAD-binding element. Bar graphs show mean ± s.d. of three independent experiments, unless otherwise specified. *Po 0.05.
miR-200 targets Zeb and Snail1 repressor complexes
Gene expression of these biochemically identified miR-200 putative target genes was much more significantly downregulated (P = E-6) after miR-200c overexpression than genes predicted to be miR-200c-regulated genes by the best available prediction algorithm (evolutionarily conserved TargetScan targets). The most significantly enriched pathways were EGFR and other cell surface receptor signaling pathways and the MAPK pathways activated secondarily. Importantly, genes involved in TGF-β receptor signaling, which promotes mesenchymal transition and mesenchymal properties, were significantly enriched, and BMP and TGF signaling effects were inhibited by miR-200 overexpression. These target genes included genes encoding the R-Smad transcription factors, Smad2 (activated by TGF-β signaling) and Smad5 (activated by BMP signaling), which we confirmed were miR-200c targets, and Tgif, a corepressor of Smad transcription, which we did not experimentally validate. Ectopic expression of 57 and TGF-β. 58 Thus, our data suggest that miR-200c reinforces the epithelial state not only by inhibiting epithelial gene suppressors, but also by inhibiting TGF-β/BMP signaling.
The miR-200 family is well known to promote epithelial transition through suppression of the epithelial gene transcriptional repressors, Zeb1/2 and Snail1/2 (Snail and Slug). 4, [18] [19] [20] [21] 23, 24 Here, we confirmed that Zeb2 and Snail1 were miR-200c target genes (Zeb1 and Snail2 were not expressed in these cells). However, although we previously showed that exogenous miR-200c expression strongly suppressed Zeb protein levels in these cells, 4 Snail1 protein levels did not change. Snail1 protein was also not downregulated in 4TO7 cells by miR-200c overexpression in a previous study. 8 Although Snail1 mRNA was consistently downregulated by miR-200 and an MRE was identified, verifying that it is a bona fide target of miR-200, it was a weak target. Snail1 is a very labile protein with a short halflife (~25 min) regulated by phosphorylation and ubiquitylation. 59 Post-translational modifications of Snail1 protein likely counteracted the weak effect of miR-200 on Snail1 mRNA. miR-200c orchestrates the expression of epithelial genes not only by suppressing key transcriptional repressors, but also by targeting multiple gene products that act as cofactors in the Zeb and Snail1 repressor complexes, namely Smad2 and Smad5 (with Zeb) and 14-3-3β and 14-3-3γ (with Snail1) (Figure 6g) . 42 In fact miR-200c overexpression had a much stronger effect on epithelial gene expression than Zeb2 KD, and KD of any of these genes strongly induced the E-cadherin promoter. As a consequence, miR-200 overexpression greatly reduced Zeb2 and Snail1 binding specifically to epithelial gene promoters and enhanced RNA pol II binding to these promoters and transcription of epithelial genes. Snail1 binding to promoters likely depends on the availability of its corepressors. A previous study showed that KD of the Snail1 corepressor Ajuba 60 also impairs Snail1 binding without changing Snail1 protein level. KD of other genes in the miR-200c PD, especially Cbf-A (Nfyb), 61 whose product is a component of the CBF-A/KAP-1/FTS-1 complex that is a master transcriptional regulator of mesenchymal genes, and the NURD complex component Mta1, 62 which enhances transcription of Snail1/2 and their recruitment to epithelial gene promoters, may also contribute to promote the epithelial transition. Thus, the ability of miR-200c to foster MET is reinforced by its suppression of multiple components of epithelial gene repressor complexes, its suppression of TGF-β/BMP signaling and likely direct suppression of mesenchymal gene transcriptional activators as well.
We experimentally examined the accuracy of the PD predictions for 18 genes that were not known miR-200c targets when we began this study. In all, 14 of 18 (78%) identified as enriched by the PD and microarray analysis were found to be enriched by at least twofold by more accurate qRT-PCR analysis. The four genes that were not confirmed had a fold enrichment that was close to our arbitrary cutoff of twofold enrichment. We estimated the false positive rate of the PD method used here as 16%, which compares favorably with estimated false positive rates of the best bioinformatics prediction algorithms (which vary between 22 and 31% 63 ) or Ago-immunoprecipitation (~40-70% 64 ). It is similar to the estimated false positive rate of Ago HITS-CLIP (~13-27% 64 ). Our method, which does not use cross-linking, has the advantages that it is simpler and easier to do and requires much fewer cells. The current estimate is similar to an estimate we made for the specificity of a miR-34a PD, where only 1 of 11 (9%) of a random list of putative miR-34a-regulated targets was not verified. 34 That paper required a higher enrichment in the PD (42.5-fold) than we used here, which could explain the higher specificity. Increasing the cutoff for the microarray data would undoubtedly improve the specificity of the PD method for identifying bona fide target genes, but at the cost of reduced sensitivity. Performing more replicates, and/or changing from microarray analysis of bound mRNAs to RNA sequencing (as we recently described 39 ) would likely increase the specificity of the PD. The 3′UTRs of 12 of the 14 confirmed enriched genes (86%) had miR-200-regulated 3′UTRs and we were able to identify 3′-UTR MREs for all of them. Four of these hits were meanwhile independently identified as miR-200-regulated genes by other groups, further supporting our results (Snail1, 66 ). Most of these new 3′UTR MREs (11/13) had exact seed matches, suggesting that recognition of target genes by miR-200c closely follows canonical seed pairing. The remaining two confirmed gene targets may either be false positives or have MREs in the CDS, since recent studies suggest that a large fraction of MREs are in coding regions 64, 67, 68 and the target gene list was significantly enriched for mRNAs that contain seed pairing sequences in the CDS. The extent of enrichment in the PD correlated well with the extent of miR-200 suppression by luciferase activity (Figure 3c ) or mRNA downregulation after miR-200c overexpression (data not shown). These results suggest that strong enrichment in the PD can be used to identify the set of genes most highly regulated by a miRNA, which may be the more important targets.
The high level of specificity of the PD, coupled with the large number of enriched genes in one cell line that we examined, suggests that miR-200c is capable of regulating hundreds of genes. How many genes are suppressed under physiological conditions is uncertain, since our study relied on miR-200c overexpression where miR-200c levels are not rate-limiting. Moreover, how much the set of regulated genes varies among cell types is also unclear for miR-200c or, for that matter, for any individual miRNA. Another open question is how much the target genes for miR-200c are shared with miR-200b and miR-429, which have identical seed sequences or with miR-200a and miR-141, which, although they are considered family members, actually have seed sequences that differ by one nucleotide. The Bi-miRNA PD method could be used to address these questions.
Crtap, which was enriched in the Bi-miR-200c PD by~30-fold by microarray binding to each of two probes (Supplementary Table  S2 ) and by qRT-PCR (Figure 3a) and whose both mRNA and protein were substantially reduced by miR-200c overexpression (by~6-fold and~2-fold, respectively; Figures 3d and f) , was found to have an unanticipated role in cell invasivity through Matrigel. CRTAP expression in human tumor cell lines and a human breast cancer cohort was inversely correlated with miR-200c expression, suggesting that CRTAP is also an important miR-200 target in humans. Crtap, which is hypomorphic in some patients with osteogenesis imperfecta, is an endoplasmic reticulum cofactor for prolyl 3-hydroxylation of collagen. Tumor cell secretion of collagen with reduced prolyl 3-hydroxylation may promote tumor invasion. Loss of Crtap may reduce collagen binding of small leucine-rich proteoglycans, such as decorin, 55 that sequester mature TGF-β within the extracellular matrix. In fact, many of the symptoms of osteogenesis imperfecta in Crtap − / − mice can be ameliorated by injection of anti-TGF-β. Changes in TGF-β capture by the extracellular matrix could alter TGF-β-stimulated EMT and invasivity. Another possibility is that modifications of prolines on other unknown secreted substrate(s) are responsible for enhanced invasivity/metastasis of miR-200 overexpressing cells. Further study of the role of Crtap in cancer and metastasis is warranted. Another highly enriched gene in the PD, which was previously identified as a miR-200c target gene, 65 which we showed is a strongly regulated miR-200c target gene, was Fhod1. Fhod1 is a formin that bundles and stabilizes actin filaments in lamellipodia and filopodia at the leading edge of moving cells and has been implicated in regulating cytokinesis during mitosis in an miR-200 targets Zeb and Snail1 repressor complexesE-cadherin-dependent pathway. Fhod1 is upregulated in cancer cells and during EMT and has been linked to enhanced invasion and metastasis in some models. In this study, we did not look at the functional consequences of Fhod1 suppression on cancer properties. Because miR-200 expression enhances metastasis in some cancer models 4,7-10 and reduces it in others, [11] [12] [13] it will be worthwhile to study more the effect of miR-200 on Crtap and Fhod1 in cancer cell migration and metastasis. Bi-miR-200c pull down 4TO7 cells (2.4 × 10 6 ) were transfected as described above with 50 nM Bi-miR-200c or Bi-cel-miR-67 miRNA mimics biotinylated at the 3′-end of the active strand (Dharmacon). Biotin PDs were performed 24 h after transfection as previously described. 34 The level of mRNA in the Bi-miR-200c or Bi-cel-miR-67 control PD was then quantified by mRNA microarray (Illumina, San Diego, CA, USA) and analyzed as described below.
MATERIALS AND METHODS
For technical validation of the PD using qRT-PCR, cells were transfected as described above and an optimized version of the PD protocol was used. 39 In this case, mRNA levels in the PD and input samples were first normalized to Gapdh and then the enrichment ratio of the control-normalized PD mRNA to the control-normalized input levels was calculated.
Microarray analysis
Total RNA (from two independent experiments) was amplified, labeled and hybridized to Illumina MouseRef-8 v2.0 expression beadchip (Illumina) mouse whole-genome expression arrays. The quality of the RNA was assessed before performing the microarray and the quality of the microarray data was assessed using the affyPLM and Affy software (Bioconductor, www.bioconductor.org). The microarray data were normalized using RMA 71 to reduce interarray variation. Probes were mapped to Entrez Gene identifications (IDs) using systematically updated annotations from AILUN (Array Information Library Universal Navigator). 72 The PD enrichment ratio was defined as (Bi-miR-200c PD/Bi-cel-miR-67 PD)/ (Bi-miR-200c input/Bi-cel-miR-67 input) and calculated for each probe. A detection P cutoff of 0.05 was used to exclude probes in any of the control arrays. For each probe, a significance value associated with the enrichment ratio was obtained using a t-test that compared the PD to input ratio for the Bi-miR-200c experiments with the control Bi-cel-miR-67 experiments. Probes with a P of o0.01, and an enrichment ratio of 42 were considered 'hits' for the informatic analysis of the PD data.
Gene downregulation after Bi-miR-200c overexpression
The fold change in probe expression caused by Bi-miR- 
Analysis of miR-200c target genes by target prediction algorithms
To determine whether a gene was also a predicted target of miR-200c, the presence of miR-200c binding sites was analyzed using TargetScan 6.2 (www.targetscan.org/), 49, 73, 74 PITA (genie.weizmann.ac.il/pubs/mir07/ mir07_prediction.html) 50 or RNAhybrid (bibiserv.techfak.uni-bielefeld.de/ rnahybrid). 51 
Hexamer analysis
The mature mmu-miR-200c sequence was downloaded from miRBase; all RefSeq mouse mRNAs were obtained from NCBI. Hexamers complementary to each position of the miR-200c sequence were found in the complete gene set and their frequency was length normalized (matches/kb). Significance of enrichment was calculated by Monte Carlo sampling without replacement from the complete expressed gene set as described. 34 Pathway enrichment analysis and network visualization Canonical pathway gene sets were compiled from Wikipathways 75 and genes not expressed in 4TO7 cells (as determined by using Bi-cel-miR-67-transfected 4TO7 microarray data using a detection P cutoff of 0.05) were removed. The hypergeometric test was used to assess the enrichment of these biological gene sets in the list of Bi-miR-200c PD genes. The interactome of directly-interacting pulled-down genes was generated using the Ingenuity Pathway Analysis software (Ingenuity Systems, www. ingenuity.com). Edges represent direct functional interactions (proteinprotein or protein-DNA/RNA interactions) between gene products. miRNA and mRNA correlation in NCI-60 cell lines and primary human breast cancers
The relationship between CRTAP, SDHA, ZEB2 and miR-200c expression levels in the NCI-60 panel of cancer cell lines was analyzed from genomewide mRNA and miRNA profiling data using Cellminer (http://discover.nci. nih.gov/cellminer). 76 Matched miRNA and mRNA profiling in human primary breast tumor samples was reported in GSE19783 deposited in GEO (www.ncbi.nlm.nih.gov/geo/). Multiple probes mapping to the same gene were aggregated using the median expression. Pearson correlation miR-200 targets Zeb and Snail1 repressor complexes R Perdigão-Henriques et al with a one-sided test for negative correlation was used to investigate the correlation between miR-200c and CRTAP, ZEB2 and SDHA expression levels.
Dual-luciferase reporter assay
The full 3′UTR of each gene was amplified by PCR from genomic DNA isolated from 4TO7 cells and cloned into the psiCHECK-2 vector (Promega) immediately upstream of the Renilla luciferase gene. These constructs were used to generate constructs containing mutations in putative miR-200c MREs within the full 3′UTR of indicated genes. The sequences of all constructs were verified by sequencing. 4T1E cells were co-transfected with 50 nM miRNA mimics together with psiCHECK-2 vector containing the 3′UTR of indicated genes. Cells were lysed 24 h after transfection in Passive Lysis Buffer (Promega) and Firefly and Renilla luciferase activities were measured using the Dual Luciferase Assay System (Promega) on a Synergy2 plate reader (Biotek, Winooski, VT, USA). Renilla luciferase activity levels were normalized to Firefly luciferase and results from three independent experiments were compared to activity in cells expressing empty psiCHECK-2 vector. Sequence of primers used for cloning 3′UTRs and to generate mutated 3′UTRs is listed in Supplementary Table S6. E-cadherin promoter reporter assay
The − 178/+92 fragment of the mouse E-cadherin promoter was amplified by PCR from genomic DNA isolated from 4TO7 cells using oligonucleotides linked to KpnI and XhoI restriction sites and cloned into the same restriction sites in the pGL3 vector (Invitrogen) fused to the Firefly luciferase reporter gene. To determine the activity of the E-cadherin promoter, 4TO7 cells (2 × 10 4 cells) were co-transfected in 24-well plates with 50 ng of the reporter and 50 ng of TK-Renilla plasmid (Promega). Cells were transfected with 50 nM siRNA or miRNA 24 h later and 48 h after that cells were then lysed in Passive Lysis Buffer (Promega) and Firefly and Renilla luciferase activities were measured consecutively using the Dual Luciferase Assay System (Promega) on a Synergy2 plate reader (Biotek). Firefly luciferase activity was normalized to Renilla luciferase activity and relative to activity measured for control siRNA or miRNA transfection.
Chromatin immunoprecipitation assay 4TO7 cells (12.5 × 10 6 ) were transfected with 50 nM miRNA as above and 24 h later cross-linked with 1% formaldehyde for 10 min at room temperature. Crosslinking was stopped by adding glycine to a final concentration of 0.125 M. Cells were washed with cold PBS and kept on ice for 10 min in 25 mM HEPES (pH 7.8), 1.5 mM MgCl 2 , 10 mM KCl, 0.1% NP-40, 1 mM DTT and Complete Mini-protease Inhibitor Cocktail (Roche). Following homogenization, nuclei were pelleted and resuspended in sonication buffer (50 mM HEPES (pH 7.9), 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na deoxycholate, 0.1% SDS, and Complete Miniprotease Inhibitor Cocktail (Roche)) and sonicated on ice to an average length of 200-1500 bp. Chromatin from~5 × 10 6 cells was used for each immunoprecipitation, which was carried out overnight in the presence of 25 μl Protein G Dynabeads (Life Technologies, 10004D) using 2 μg of mouse monoclonal antibody against RNA Polymerase II (Santa Cruz Biotechnology, sc-56767), 5 μg of rabbit antiserum against Zeb2 (kind gift of Prof. Danny Huylebroeck, University of Leuven), 1 μg of rabbit antiserum against Snail1+Snail2 (Abcam, Cambridge, MA, USA, ab85931; we confirmed by qRT-PCR (data not shown) that Snail2 is not expressed in 4TO7 cells) or equal amounts of rabbit IgG (Cell Signaling, 2729S) or mouse IgG (Santa Cruz Biotechnology, sc-2025). Samples were then extensively washed with sonication buffer, wash buffer A (50 mM Hepes pH 7.9, 500 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na deoxycholate, 0.1% SDS and Complete Mini-protease Inhibitor Cocktail (Roche)), wash buffer B (20 mM Tris, pH 8.0, 1 mM EDTA, 250 mM LiCl, 0.5% NP-40, 0.5% Na deoxycholate and Complete Mini-protease Inhibitor Cocktail (Roche)) and Tris-EDTA buffer to remove unbound DNA. Immunoprecipitated DNA was then eluted using elution buffer (50 mM Tris, pH 8.0, 1 mM EDTA, 1% SDS, 50 mM NaHCO 3 ) and treated with proteinase K (Ambion, AM2546) and RNAse (Sigma, R4642) overnight at 65°C. DNA was then purified using a PCR purification kit (Qiagen, Valencia, CA, USA) and analyzed by qRT-PCR using the primers listed in Supplementary Table S6. Transwell invasion assays 4TO7 cells (4 × 10 5 ) were transfected in 6-well plates with 50 nM siRNA or miRNA mimics as described above and 48 h later were incubated in serumfree medium for 2 h. Cells were then harvested with TrypLE Express (Invitrogen) and counted using a hemocytometer. A BD BioCoat Tumor Invasion System (BD Biosciences, 354165) containing BD Falcon Fluoroblock 24-Multiwell inserts (8-μm pore size; PET membrane) was used to measure invasion following the manufacturer's instructions. Briefly, 1.5 × 10 5 cells were added in serum-free medium to each insert and complete medium containing 10% fetal bovine serum was added into each basal chamber. After 20 h, invaded cells were quantified by labeling with calcein AM (BD Biosciences), and measuring the fluorescence underneath the membrane using a Synergy2 plate reader (Biotek).
Smad5 and Ywhag expression plasmids
Smad5 and Ywhag CDS were cloned into the multiple cloning site of pcDNA3.1(+) (Invitrogen) by RT-PCR using mRNA from 4TO7 cells. Primers used for PCR amplification are listed in Supplementary Table S6. TGF-β treatment 4TO7 cells (4 × 10 5 ) were transfected in 6-well plates with 50 nM miRNA mimics as described above. Culture supernatants were removed after 4 h and replaced with complete medium containing 5 ng/ml TGF-β (Cell Signaling, 5231) or the same volume of vehicle (20 mM sodium citrate, pH 3.0). After 24 h, medium was replaced with fresh medium containing TGF-β or vehicle. Cells were harvested 24 h after that for mRNA analysis.
Plasmid DNA transfection and BMP-2 treatment 4TO7 cells (4 × 10 5 ) were co-transfected in 6-well plates as described above with 6 μg empty vector, Ywhag or Smad5 expression vectors together with 50 nM miRNA mimics. Culture supernatants were removed after 4 h and replaced with complete medium containing 25 ng/ml BMP-2 (Cell Signaling, 4697) or the same volume of vehicle (10 mM HCl, 0.1% BSA). After 24 h, medium was replaced with fresh medium containing BMP-2 or vehicle. Immunoblot was performed on cell lysates harvested 24 h after that.
Cell viability assay 4TO7 cells (2 × 10 4 ), transfected in 24-well plates with 50 nM siRNA or miRNA mimics, were analyzed 48 h later for cell viability by CellTiter-Glo assay (Promega) following the manufacturer's protocol. An siRNA targeting Plk1 (Dharmacon, M-040566-01-0005) was used as a control. Signals were normalized to control siRNA or miRNA treatment.
E-cadherin immunostaining
4TO7 cells, transfected with siRNA or miRNA mimics as described above, were plated 24 h later (10 4 cells/well) on a Lab-Tek chamber slide (Thermo Fisher, Waltham, MA, USA, 177445) in 0.2 ml and fixed 48 h later in 4% formaldehyde in PBS. The slides were washed twice with PBS, then incubated in blocking buffer (PBS with 0.5% BSA and 0.05% Triton-X) for 30 min, then for 1 h in blocking buffer plus E-cadherin antibody (BD Biosciences, 61081) at a final dilution of 1:100. After washing, slides were placed in blocking buffer with Alexa-Fluor-488-conjugated donkey antimouse secondary antibody (Life Technologies, A-21202) for 1 h and then washed and stained with 4 μg/ml DAPI in PBS and mounted using polyvinyl alcohol (Sigma, P-8136) aqueous mounting medium. Cells were imaged using an Axiovert 200 M microscope (Pan Apochromat, 1.4 NA; Carl Zeiss, Thornwood, NY, USA) and analyzed with SlideBook 4.2 (Intelligent Imaging Innovations Inc., Denver, CO, USA).
Statistical analysis
In all experiments, except where indicated, paired Student's t-tests (twotailed) were used to analyze the difference between two groups of data.
Note added in proof
After the submission of this manuscript, a report 77 was published, which used Ago-HITS-CLIP to identify candidate miR-200a/b targets in MDA-MB-231 human breast cancer cells. They found that miR-200a/b controls actin cytoskeleton dynamics by regulating gene products involved in Rho-ROCK signaling, invadopodia formation, matrix metalloproteinase activity and focal adhesions. They also identified cell adhesion and TGF-β signaling as among the most enriched pathways for miR-200a/b targets in human cells in agreement with our findings for miR-200c targets in mouse.
miR-200 targets Zeb and Snail1 repressor complexes
Integrin-mediated cell adhesion (Figure 1d ) and focal adhesion (adjusted P = 2.1E-02, data not shown) networks, which share 29 and 48 genes, respectively, with the actin cytoskeleton regulation network were among the most-enriched pathways we identify here for miR-200c targets in mouse. About 25% of the target genes we identified for miR-200c in mice were also found by Bracken et al. for miR-200a/b in humans. Of note, 50% of the 12 genes we validated as direct miR-200c targets in mouse by luciferase assay were also identified by Bracken et al. to be miR-200a/b targets (Crtap, Map3k1, Smad5, Ywhag, Zfp36 and Ywhab), further supporting our findings. However, we did not identify control of actin cytoskeleton dynamics on its own as a significantly enriched process in miR-200c-regulated mouse cells. This difference in conclusions between our study, which studied a mouse TNBC that has both mesenchymal and epithelial properties, and theirs, which examined a mesenchymal human TNBC cell line, could reflect differences in technique, differences between the relevant miR-200 family members (miR-200c vs miR-200a/b), differences in mouse and human targets, or differences in gene expression between these cell lines. In fact, about half of the mouse miR-200c target genes we found that were not identified as targets of miR-200a/b in human cells do not have TargetScan-predicted miR-200 binding sites that are conserved between mice and humans. Additionally, the Bracken et al. study showed that epithelial human TNBC cell lines, which are not motile, do not express many of the actin motility-related targets identified in the mesenchymal cell line they studied. These differences suggest that some of the target genes and functions of a miRNA may be shared in different cellular contexts, while others may be context specific.
